The transport of poliovirus type 1 (strain LSc) was studied in Red Bay sandy loam columns that were treated with chemical-or polyelectrolyte-conditioned dewatered sludges and then leached with natural rainwater under saturated flow conditions. Poliovirus was concentrated in the alum and ferric chloride sludges that were produced following the flocculation of virus-seeded raw sewage. Virtually complete inactivation of the virus was observed following the flocculation of raw sewage or the stabilization of alum and ferric chloride sludges with lime at pH 11.5. Poliovirus was also concentrated in polyelectrolyte-conditioned dewatered sludge that was produced from virus-seeded, anaerobically digested sludge. Despite the saturated flow conditions for a sustained period, no viruses were detected in the leachates of the soil columns that were treated with these chemical and chemically treated sludges. Since the viruses were mostly associated with the solids in these sludge samples, it is believed that they were immobilized along with the sludge solids in the top portion of the soil columns.
Concern over the possible contamination of groundwater with pathogenic viruses following the disposal of sludge on land has prompted research activity in this area in recent years. Results of laboratory (3, 4, 6, 11, 17) and field (8, 12) studies have demonstrated that viruses in digested sludges are effectively retained in the soil and do not readily migrate into groundwater. However, additional research is needed in which other sludge types that are routinely applied to the soil are used.
Chemical flocculation of wastewater at municipal treatment facilities produces large quantities of chemical sludge which are often disposed of by direct application to land (24) . This treatment is intended to remove phosphates and other chemical constituents with the coagulants alum, ferric chloride, or lime (24) ; and it has also been shown to remove seeded poliovirus type 1 (1, 5, 19, 20) and indigenous enteric viruses (16) from wastewater. The chemical sludges that are produced, however, have been found to contain significant concentrations of viruses, which makes land disposal of these sludges a potential health hazard (16, 19, 20) . To reduce their pathogen content and odor, alum and ferric chloride sludges precipitated from raw wastewater are often treated with lime at a pH of 11 or greater before disposal on land (9, 24, 25) . Although the treatment of sludge with lime has been shown to destroy the Salmonella sp. and Pseudomonas aeruginosa that are present in sludge (9) , little information is available with regard to the effect of such treatment on viruses in sludge. In a study done in the United Kingdom, Goddard et al. (10) were generally unable to detect indigenous enteroviruses in sludge that was conditioned with lime at pH 11 and then concentrated in a filter plate press. These investigators attributed their results to the virucidal action of the high pH, but indicated that the high solids content (39%) of the concentrated sludge may have interfered with virus recovery. Goddard et al. (10) also found higher titers of indigenous enteroviruses in polyelectrolyteconditioned dewatered sludge than in the untreated sludge. High concentrations of cationic polyelectrolytes were believed to have released the viruses that were bound to sludge solids, which led to their detection. Despite the viral hazards that are present in chemical and chemically treated sludges, there are currently no data on the fate of viruses in soils treated with these sludge types.
In this study, the transport of poliovirus type 1 was investigated in soil columns that were treated with chemicalor polyelectrolyte-conditioned dewatered sludges and then leached with natural rainwater. The chemical sludges were precipitated from poliovirus-seeded raw sewage with alum, femc chloride, or lime. Selected sludge samples containing alum and ferric chloride were also stabilized by treatment with lime at pH 11.5 before they were applied to the soil columns. The polyelectrolyte-conditioned dewatered sludge was produced in the laboratory from poliovirus-seeded, anaerobically digested sludge.
MATERIALS AND METHODS
Virus and viral assays. Poliovirus type 1 (strain LSc) was used in this study. Stocks were prepared as described previously (2) and were kept at -70°C until use. Virus was assayed by the plaque technique on AV3 (human amnion) or MA104 (simian kidney) cell monolayers as described previously (2, 18) . Each viral count given in this report represents the average of triplicate assays and is expressed as PFU.
Polyelectrolyte-conditioned dewatered sludge. Anaerobically digested (60 days) sludge from the Main Street Wastewater Treatment Plant (Gainesville, Fla.) was conditioned and dewatered in our laboratory in a manner similar to that routinely employed at that wastewater treatment plant. Prior to conditioning and dewatering, the pH and conductivity of VIRUS RETENTION IN SOIL AFTER SLUDGE APPLICATION the digested sludge were 6.0 and 3,950 S/cm, respectively, as measured with a digital pH meter (Coming Glass Works, Coming, N.Y.) and a conductivity meter (Beckman Instruments, Inc., Fullerton, Calif.), respectively. The solids content of the sludge sample was 2.0% on a weight (grams) to volume (milliliters) basis, and was determined from the dry weight of a measured volume of sludge after 24 h in an oven at 105°C. The digested sludge (1,000 ml) was seeded with poliovirus (1 ml of stock in phosphate-buffered saline [PBS] containing 2% fetal calf serum [FCS] ), while the suspension was mixed on a magnetic stirrer. After a 1-min mixing period, a portion of the unfractionated sludge (i.e., a sludge sample without the solids separated out) was diluted in PBS containing 2% FCS and was assayed directly for seeded viruses by the plaque technique. We have previously reported (18) that there is greater than 98% recovery of seeded poliovirus in unfractionated sludge by this dilution and subsequent direct assay on cell cultures. In this manner, it is believed that the amount of initial virus added to the sludge was accurately determined. After the poliovirus was seeded, the sludge was conditioned with 1,200 mg (final concentration in the sludge) of the cationic polyelectrolyte per liter (Hercofloc no. 871; Hercules Co., Atlanta, Ga.) as the sludge was rapidly mixed on a magnetic stirrer. Mixing was continued slowly for an additional 5 min. The entire sludge sample was then centrifuged at 320 x g for 10 min at 25°C (all centrifugation in this study was performed with an RC5-B centrifuge [Ivan Sorvall, Inc., Norwalk, Conn.]). The supernatant was decanted, assayed for viruses as described above, and discarded. The conditioned dewatered sludge volume and solids content (i.e., as a percent, by the method described above) were measured. The conditioned dewatered sludge that was produced was then assayed for viruses as described below.
Chemical sludges. The chemical sludges were precipitated from poliovirus-seeded raw sewage by the general procedure described by Sattar et al. (20) and with the coagulants alum, ferric chloride, or lime. The raw sewage was obtained from the University of Florida Campus Wastewater Treatment Plant (pH 9.0; conductivity, 520 S/cm) or from the Main Street Wastewater Treatment Plant (pH 8.9; conductivity, 770 S/cm), both of which are located in Gainesville, Fla. The pH and conductivity of raw sewage samples were measured as described above for digested sludge. Raw sewage (1,000 ml) was seeded with poliovirus (1 ml of stock in PBS containing 2% FCS) while it was mixed on a magnetic stirrer. A portion of this mixture was immediately diluted in PBS containing 2% FCS, adjusted to neutral pH by the addition of 1 M glycine buffer (pH 2.0 or 11.5, if necessary), and then assayed for viruses. The viral assay was again performed after the addition of coagulant. The final concentration of alum in sewage was 300 mg/liter [as A12(SO4)3. 18H20], and the final concentration of ferric chloride was 50 mg/liter (as FeCl3). Similar concentrations of these coagulants were used by Wolf et al. (26) when they precipitated an activated sludge effluent as a tertiary treatment process. Following the addition of alum or ferric chloride,-the pH of the solution was adjusted with 0.2 N HCl to 6.0 or 5.0, respectively, to achieve maximum flocculation (7) . Lime was added until a pH of 11.5 was achieved, as recommended by Sattar et al. (20) ; a final pH of 11.1 to 11.3 and a final concentration in sewage of 150 to 250 mg of Ca(OH)2 per liter were achieved. Following the addition of the coagulants, the sewage samples were mixed on a magnetic stirrer rapidly for 10 min and slowly for 5 min. The flocculated sewage samples were then transferred to Imhoff cones, and 60 min was allowed for the formation and settling of the chemical sludges. The supernatants in the Imhoff cones were siphoned off, assayed for viruses as described above, and discarded. The sludge volume and solids content (i.e., as a percent, by the method described above) were measured for each chemical sludge sample. The chemical sludges produced were then assayed for viruses as described below.
Lime-stabilized chemical sludges. A sample of alum sludge and a sample of ferric chloride sludge, which were produced and assayed for viruses as described above, were stabilized with lime by the procedure described by Farrell et al. (9) . The sludges were treated with a 5% (wt/vol) aqueous slurry of Ca(OH)2 until a pH of 11.5 was achieved and were maintained for 5 min. The final concentrations of lime in the alum and ferric chloride sludges were 1,390 and 625 mg/liter (as Ca(OH)2), respectively. After 30 min of mixing on a magnetic stirrer, the pHs of the alum and ferric chloride sludges were 11.3 and 11.1, respectively. The lime-stabilized chemical sludges were then assayed for viruses as described below.
Assay of seeded poliovirus in sludges. The conditioned dewatered chemical and lime-stabilized chemical sludges produced were assayed for poliovirus by previously described methods (18 of the soil columns; were allowed to soak in; and were then worked 2.5 cm under the soil. The columns were then leached with rainwater, which was applied continuously to the columns at 5 ml/min with a peristaltic pump. Soil leachates were collected in 0.5-porevolume fractions (113 ml), and the pH and conductivity of each fraction were measured as described above for digested sludge. A portion of each leachate fraction was diluted in PBS containing 2% FCS and was assayed directly for viruses. To detect small numbers of viruses, leachate pore volumes 0.5 through 5.0 (and 5.5 through the final pore volume) for a given soil column were combined and concentrated 160-fold as follows. Each leachate sample (i.e., combined fractions) was adjusted to pH 3.5 by the addition of 1 M glycine buffer (pH 2.0) and adjusted to a final concentration of 0.0005 M aluminum chloride. The treated sample was then passed through a series of 3.0-and 0.45-,um-pore-size filters (Filterite Corp., Timonium, Md.) in a holder (diameter, 47 mm). Adsorbed viruses were eluted from the filters with 7 ml of PBS containing 10% FCS (pH 9.0). The filter eluate was adjusted to neutral pH by the addition of 1 M glycine buffer (pH 2.0) and assayed for viruses.
RESULTS
Polyelectrolyte-conditioned dewatered sludge. The fate of poliovirus type 1 seeded in anaerobically digested sludge was determined after the sludge was conditioned with a cationic polyelectrolyte and was dewatered by centrifugation. In two experiments, 72 and 89% of the poliovirus initially added to the sludge was detected in the unfractionated (i.e., without solids separated) conditioned dewatered sludge (Table 1) . In both experiments, more than 99% of the viruses found in the conditioned dewatered sludge were associated with the sludge solids ( Table 1 ). The conditioned dewatered sludge that was produced had a solids content that was 2.5-fold greater than that of the untreated sludge (Table 1) . Conditioned dewatered sludge samples from the two experiments were applied to two separate columns of Red Bay sandy loam (Table 2) . Despite the application of 10 pore volumes of rainwater, viruses were not detected in the soil column leachates. The increased conductivity and pH of some leachate samples, however, indicated that sludge constituents migrated through the soil (Table 2) .
Chemical sludges. Chemical sludges were precipitated from poliovirus-seeded raw sewage with alum, ferric chloride, or lime. All of the poliovirus that was initially added to the raw sewage was detected in the unfractionated sewage sample after the addition of alum, while only 16 to 25% of poliovirus was detected after the addition of ferric chloride, and no viruses were detected after the addition of lime at pH 11.3 (Table 3 ). Variable fractions of seeded polioviruses were detected in the unfractionated chemical sludges that were produced; these ranged from 23 to 96% for alum sludges, 9.8 to 13% for ferric chloride sludges, and 0 to 0.13% for lime sludges ( 1.4 37-175 5.6-6.5 a A total of 10 pore volumes were eluted from each column. One pore volume for the soil columns is equal to 225 ml.
b Conditioned dewatered sludges (17 ml) from experiments 1 and 2 shown in Table 1 were applied to soil columns 1 and 2, respectively. The total viral titer detected in the soil leachates was 0 PFU for both columns. Soil leachates were collected in 0.5-pore-volume fractions.
C Soil leachates were collected in 0.5-pore-volume fractions. (20) showed that poliovirus type 1 was completely removed from raw sewage following flocculation with lime at a higher pH (11.5) and recovery in the lime sludge of only 0.005% of the total viral input. Because of the large quantities of chemical sludges usually produced, lime treatment is particularly suited for the stabilization of these sludge types (9) . At a relatively low cost, lime stabilization reduces the odor and bacterial pathogen content of sludges (9, 25) . The effectiveness of this treatment, however, is dependent on the pH that is achieved and maintained. Goddard et al. (10) have demonstrated the virtually complete destruction of indigenous enteroviruses in sludge conditioned with lime at pH 11. In this study we have also shown the complete loss of poliovirus type 1 titer in alum sludge treated with lime at pH 11.5. As reported previously by other investigators (9), the alum sludge requires more lime to achieve a pH of 11.5 than does the ferric chloride sludge. At 30 min after treatment with lime, the alum sludge had a slightly higher pH than did the ferric chloride sludge. All of the 0.12% of the initial poliovirus titer detected in the ferric chloride sludge was associated with the solids.
All viruses in chemical and lime-stabilized chemical sludges were retained in the Red Bay sandy loam columns that were treated with sludge and then leached with natural rainwater under saturated flow conditions. The viruses were probably embedded within the sludge solids during the flocculation process and were subsequently immobilized, along with the sludge solids, in the top portion of the soil columns. It is likely that the ample level of cations (particularly aluminum, iron, and calcium) that was present in these sludges further promoted the adsorption of viruses to sludge and soil surfaces (13) . It should be noted, however, that poliovirus type 1 (strain LSc) has been shown to adsorb readily to soils that have been treated with wastewater (15, 21) , and to not be significantly mobilized in soil columns by rainwater (15) . Other viruses have been shown to behave differently in the soil in that they migrate more readily through the soil profile (15) . Therefore, the results with poliovirus type 1 (strain LSc) presented here that indicate that viruses are completely retained in soil columns treated with chemical or chemically treated sludges should be confirmed with other enteric viruses.
